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C H A P T E R  T E N  
P r i m a r y  S t r u c t u r e s  o f  I r o n  M e t e o r i t e s  
T h e  W i d m a n s t i i t t e n  S t r u c t u r e  
T h e  W i d m a n s t i i t t e n  s t r u c t u r e  h a s  p u z z l e d  g e o l o g i s t s  
a n d  m e t a l l u r g i s t s  e v e r  s i n c e  i t  w a s  r e v e a l e d  b y  A l o i s  v o n  
W i d m a n s t i i t t e n  a n d  G .  T h o m p s o n  i n d e p e n d e n t l y  i n  1 8 0 8 .  
S o m e  h i s t o r i c a l  a s p e c t s  h a v e  b e e n  t o u c h e d  u p o n  i n  t h i s  
w o r k  w h e n  d e s c r i b i n g  E l b o g e n ,  L e n a r t o ,  a n d  H r a s c h i n a .  
O t h e r  a s p e c t s  w e r e  d i s c u s s e d  b y  P a n e t h  ( 1 9 6 0 ) ,  C . S .  S m i t h  
( 1 9 6 0 ;  1 9 6 2 )  a n d  M e h l  ( 1 9 6 5 ) .  T h e  W i d m a n s t i i t t e n  s t r u c -
t u r e  i s  c h a r a c t e r i s t i c  f o r  a  m a j o r  g r o u p  o f  i r o n  m e t e o r i t e s ,  
t h e  o c t a h e d r i t e s ;  a n d  i t  a l s o  o c c u r s  i n  m a n y  a n o m a l o u s  
i r o n s ,  e . g . ,  N e t s c h a e v o ,  a n d  i n  m e s o s i d e r i t e s ,  e . g . ,  M o u n t  
P a d b u r y .  I t  i s  p r e s e n t  o n  a  m i c r o s c o p i c  s c a l e  i n  v e r y  m a n y  
m e t e o r i t e s  a n d  i n  t e c h n o l o g i c a l  a l l o y s ,  e . g . ,  c a s t  a  - ( 3  
b r a s s e s ,  w e l d e d  j o i n t s  i n  s t e e l s  a n d  t e m p e r e d  A l - A g  a l l o y s .  
T h e r e  w a s  a  t i m e  w h e n  i t  w a s  b e l i e v e d  t h a t  t h e  
W i d m a n s t i i t t e n  s t r u c t u r e  o f  i r o n  m e t e o r i t e s  h a d  f o r m e d  
d i r e c t l y  b y  c r y s t a l l i z a t i o n  f r o m  a  v e r y  s l o w l y  c o o l i n g  m e l t .  
S m i t h  ( 1 8 5 5 ) ,  T s c h e r m a k  ( 1 8 7 5 ) ,  S o r b y  ( 1 8 7 7 ) ,  C o h e n  
( 1 8 9 4 :  8 3 ) ,  a n d  V o g e l  ( 1 9 2 7 ;  1 9 3 2 )  w e r e  t h e  f o r e m o s t  
s u p p o r t e r s  o f  t h i s  t h e o r y .  A s  t h e y  s a w  i t ,  t h e  s t r u c t u r e  w a s  
i n  a c c o r d a n c e  w i t h  o b s e r v a t i o n s  o f  c r y s t a l l i z i n g  i c e  a n d  
e v e n  w i t h  t h e  t e r n a r y  F e - N i - P  d i a g r a m  a s  d e v e l o p e d  b y  
V o g e l  &  B a u r  ( 1 9 3 1 ) .  
O s m o n d  &  C a r t a u d  ( 1 9 0 4 )  w e r e  t h e  f i r s t  t o  s h o w  t h a t  
t h e  W i d m a n s t i i t t e n  s t r u c t u r e  m u s t  h a v e  f o r m e d  a t  t e m p e r -
a t u r e s  t h a t  w e r e  a t  l e a s t  7 0 0 °  C  l o w e r  t h a n  t h e  m e l t i n g  
F i g u r e  1 7 9 .  C a s a s  G r a n d e s  ( U . S . N . M .  n o .  3 6 9 ) .  T y p i c a l  W i d m a n -
s l a t t e n  s t r u c t u r e  o f  a  m e d i u m  o c t a h e d r i t e .  T h e  o r i e n t e d  s h e e n  i s  
m a i n l y  d u e  t o  t h e  d i f f e r e n t  c r y s t a l l o g r a p h i c  o r i e n t a t i o n s  o f  t h e  
i n d i v i d u a l  k a m a c i t e  l a m e l l a e .  T w o  l a r g e  a n d  s e v e r a l  s m a l l e r  t r o i l i t e  
i n c l u s i o n s .  D e e p - e t c h e d .  S c a l e  b a r  5 0  m m .  ( F r o m  M e r r i l l  1 9 1 6 a :  
p l a t e  1 6 . )  
t e m p e r a t u r e s  a n d  t h a t  t h e  p r o c e s s  w a s  o n e  o f  s o l i d  s t a t e  
d i f f u s i o n .  F o r  m a n y  y e a r s  i t  a p p e a r e d ,  h o w e v e r ,  t h a t  
m e t a l l u r g i s t s  d i d  n o t  c l e a r l y  r e c o g n i z e  t h e  d i f f e r e n c e s  
b e t w e e n  t h e  m e t e o r i t i c  W i d m a n s t i i t t e n  s t r u c t u r e ,  d u e  t o  
e x t r e m e l y  s l o w  c o o l i n g ,  a n d  t h e  s o - c a l l e d  W i d m a n s t i i t t e n  
s t r u c t u r e  c l a i m e d  t o  h a v e  b e e n  p r o d u c e d  a r t i f i c i a l l y  i n  
n i c k e l - i r o n .  T h e  r e p o r t s  b y  B e l a i e w  ( 1 9 1  0 ) ,  B e n e d i c k s  
( 1 9 1 0 ) ,  M e h l  &  D e r g e  ( 1 9 3 7 ) ,  B u d d h u e  ( 1 9 4 8 )  a n d  m a n y  
o t h e r s ,  t h u s ,  d o  n o t  c o n c e r n  t r u e  W i d m a n s t i i t t e n  s t r u c t u r e s ,  
b u t  a
2  
a n d  m a r t e n s i t i c  s t r u c t u r e s  o b t a i n e d  i n  t h e  l a b o r a -
t o r y  b y  f u r n a c e  c o o l i n g  o r  q u e n c h i n g  o f  a u s t e n i t i c  n i c k e l -
i r o n .  T h e  t r u e  W i d m a n s t i i t t e n  s t r u c t u r e  f o r m s  b y  a  d i f f u -
s i o n - c o n t r o l l e d  n u c l e a t i o n  a n d  g r o w t h  p r o c e s s  t h a t  i s  s l o w  
e v e n  o n  a  g e o l o g i c a l  t i m e  s c a l e .  T h e  k a m a c i t e  ( f e r r i t e )  
p r e f e r e n t i a l l y  n u c l e a t e s  a l o n g  t h e  o c t a h e d r a l  p l a n e s  o f  t h e  
p a r e n t  t a e n i t e  ( a u s t e n i t e )  p h a s e .  T h e  W i d m a n s t i i t t e n  p a t -
t e r n  i s  d e v e l o p e d  w h e n  t h e  i n d i v i d u a l  p l a t e s  o r  b a n d s  o f  
k a m a c i t e  t h i c k e n  b y  s o l i d  s t a t e  d i f f u s i o n  a n d  e v e n t u a l l y  
t o u c h  o n e  a n o t h e r .  I n  o c t a h e d r i t e s  a t  l e a s t  s o m e  t r a c e s  o f  
t h e  h i g h - n i c k e l  t a e n i t e  p r e c u r s o r  p h a s e  w i l l  a l m o s t  a l w a y s  
r e m a i n ,  u s u a l l y  a s  d i s c r e t e  b l e b s ,  w e d g e s  o r  p l a t e l e t s .  I n  
a d d i t i o n ,  t h e  m i c r o s c o p i c  m i x t u r e  o f  a  a n d  r ,  p l e s s i t e  i s  
u s u a l l y  p r e s e n t  a s  a  h a l l m a r k  o f  m e t e o r i t e s  w i t h  b e t w e e n  
s i x  a n d  2 0 %  N i .  
T h e  e a r l y  a t t e m p t s  t o  i n t e r p r e t  t h e  W i d m a n s t i i t t e n  
s t r u c t u r e  w e r e  r e s t r a i n e d  b y  t h e  i m p e r f e c t l y  k n o w n  b i n a r y  
F e - N i  d i a g r a m  w h i c h  w a s  u s u a l l y  t h o u g h t  t o  c o n t a i n  a  
e u t e c t o i d  a t  1 7 - 3 0 %  N i  a n d  3 5 0 °  C .  S e e ,  e . g . ,  O s m o n d  &  
C a r t a u d  1 9 0 6 ;  P f a n n  1 9 1 8 ;  P e r r y  1 9 4 4 :  3 8 .  A l s o ,  i n  m e t e -
o r i t e s ,  t h e  a b u n d a n t  o c c u r r e n c e  o f  s c h r e i b e r s i t e  c a u s e d  
V o g e l  ( 1 9 5 2 )  t o  m a i n t a i n  t h a t  t h e  m a j o r i t y  o f  t h e  
p h o s p h i d e s  h a d  b e e n  f o r m e d  f r o m  a  l i q u i d  p h a s e  w h i c h  
p e r s i s t e d  d o w n  t o  t e m p e r a t u r e s  o f  a b o u t  9 7 0 °  C .  V a r i o u s  
d i s t o r t e d  F e - N i - P  d i a g r a m s  h a v e  t h u s  b e e n  i n  c u r r e n t  u s e  
u n t i l  t h e  m i d - 1 9 6 0 s  ( e . g . ,  G o l d s t e i n  &  O g i l v i e  1 9 6 3 ;  
R e e d  1 9 6 5 a ;  A x o n  1 9 6 8 a ) .  
H o w e v e r ,  w i t h  t h e  p r e s e n t a t i o n  o f  t h e  b i n a r y  F e - N i  
d i a g r a m s  o f  O w e n  &  S u l l y  ( 1 9 3 9 )  a n d  O w e n  &  B u r n s  
( 1 9 3 9 ) ,  t h e  s t a g e  w a s  s e t  f o r  a  m o r e  t h o r o u g h  u n d e r s t a n d -
i n g  s o  t h a t  P e r r y  ( 1 9 4 4 :  4 3 ,  e t c . )  c o u l d  p r e s e n t  a  q u a l i t a -
t i v e l y  c o r r e c t  p i c t u r e .  I m p r o v e d  b i n a r y  d i a g r a m s  ( O w e n  &  
L i u  1 9 4 9 ;  G o l d s t e i n  &  O g i l v i e  1 9 6 5 a )  a n d  t e r n a r y  d i a g r a m s  
( B u c h w a l d  1 9 6 6 ;  D o a n  &  G o l d s t e i n  1 9 7 0 )  a r e ·  n o w  a v a i l -
a b l e  a n d  n e c e s s a r y  i n  o r d e r  t o  c o m p r e h e n d  f u l l y  t h e  v a r i o u s  
a s p e c t s  o f  t h e  W i d m a n s t i i t t e n  s t r u c t u r e .  F o r  d a t a  s e e  
T a b l e  3 3  a n d  F i g u r e s  1 8 1 - 1 8 4 .  
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Figure 180. Edmonton (Kentucky) (U.S .N.M. no. 1413). Typical Widmanstiitten structure of a fine octahedrite.Three {Ill} directions form 
angles of 60°, while the fourth set of kamacite lamellae are almost parallel to the plane of section and appear as irregular wh1te plumes. Large 
schreibersite crystal with swathing kamacite to the left. Deep-etched. Scale bar 20 mm. S.l. neg. M-375 . 
It has even been possible, experimentally , to nucleate 
Widmanstiitten kamacite in synthetic Fe-Ni-P alloys with 
0.1-0.4% P (Buchwald, unpublished research; Goldstein & 
Doan 1972). Kamacite will first form as discrete blebs on 
grain boundaries then, at about 50° lower, as a Widmanstiit-
ten grid in the homogeneous grain interior. The individual 
kamacite laths are narrow, about 1-10 11 ; although phase 
separation on a scale as large as that found in meteorites 
cannot be produced in the laboratory , the trend seems to 
be clear. 
The observation made by Osmond & Cartaud 
(1904; 1906) about solid state decomposition is generally 
applicable to cooling metallic systems. When a solid 
solution, stable at high temperatures, precipitates a new 
phase upon cooling, this new phase appears in a particular 
manner. It deposits in such a way that its lattice bears a 
definite crystallographic relation to the lattice of the parent 
solid solution. Young (1926) showed that the crystallo-
graphic relationship in question was 
{111}-y II {llO}a 
[1101-y II [11I]a 
This was further supported by studies of Boggild (1927), 
Mehl & Barrett ( 1931) and Mehl & Derge ( 1937). The 
a-lamellae run parallel to the four planes defined by the 
faces of an imaginary octahedron, and for this reason iron 
meteorites displaying the Widmanstiitten pattern are called 
octahedrites. The problem of predicting the angles of the 
Widmanstiitten pattern on a section through the meteorite 
has been analyzed by various authors, e.g., Tschermak 
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Figure 181. The fe-Ni phase diagram. Broken lines indicate extra-
polations to temperatures where experimental equilibrium was not 
obtained. The thin line, Ms. indicates the start of martensitic 
transformation to a 2 unde r non-equilibrium conditions. (From 
Kaufman & Cohen 1956 ; Goldstein & Ogilvie 1965a.) 
( 1 8 7 1 b ) ,  B r e z i n a  ( 1 8 8 2 ) ,  L e o n h a r d t  ( 1 9 2 8 )  a n d  H e y  
( 1 9 4 2 ) .  A  s e t  o f  t a b l e s  w a s  r e c e n t l y  p r e p a r e d  b y  B u c h w a l d  
( 1 9 6 8 b ) .  
C o o l i n g  R a t e s  
W i t h  t h e  a d v e n t  o f  t h e  e l e c t r o n  m i c r o p r o b e  i t  f i n a l l y  
b e c a m e  p o s s i b l e  t o  a n a l y z e  t h e  d e t a i l e d  c o m p o s i t i o n  o f  
k a m a c i t e  a n d  t a e n i t e  a n d ,  f r o m  e x p e r i m e n t a l l y  d e t e r m i n e d  
d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  F e - N i  s y s t e m ,  t o  e s t i m a t e  t h e  
c o o l i n g  r a t e s  o f  m e t e o r i t e s .  Q u a l i t a t i v e  p r e d i c t i o n s  h a d  
b e e n  p r e s e n t e d  b y  U h l i g  ( 1 9 5 4 )  a n d  U r e y  ( 1 9 5 6 ) .  T h e n  
q u a n t i t a t i v e  d a t a  a n d  i n t e r p r e t a t i o n s  w e r e  a c c u m u l a t e d  i n  
1 0 1 0 ° C  
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F i g u r e  1 8 2 .  I s o t h e r m  s e c t i o n  t h r o u g h  t h e  t e r n a r y  F e - N i - P  p h a s e  
d i a g r a m  1 0 °  a b o v e  t h e  t e r n a r y  r e a c t i o n  p l a n e .  ( F r o m  D o a n  &  
G o l d s t e i n  1 9 7 0 . )  
P r i m a r y  S t r u c t u r e s  o f  I r o n  M e t e o r i t e s  1 1 7  
w o r k s  b y  M a r i n g e r  e t  a l .  ( 1 9 5 9 ) ,  M a s s a l s k i  &  P a r k  ( 1 9 6 2 ) ,  
W o o d  ( 1 9 6 4 ) ,  S h o r t  &  A n d e r s e n  ( 1 9 6 5 ) ,  G o l d s t e i n  &  S h o r t  
( 1 9 6 7 ) ,  F r i c k e r  e t  a l .  ( 1 9 7 0 )  a n d  G o l d s t e i n  &  D o a n  ( 1 9 7 2 ) .  
F o r  t h e  d e t e r m i n a t i o n  o f  c o o l i n g  r a t e s ,  t h e  m e a s u r e d  N i  
c o n c e n t r a t i o n  g r a d i e n t s  i n  t h e  t a e n i t e  t h a t  r e s u l t  f r o m  t h e  
g r o w t h  o f  t h e  W i d m a n s t a t t e n  p a t t e r n  a r e  c o m p a r e d  w i t h  
t h e  c a l c u l a t e d  n i c k e l  g r a d i e n t s  o b t a i n e d  f r o m  a  c o m p u t e r  
s i m u l a t i o n  o f  t h e  g r o w t h  p r o c e s s .  T h e  a b s o l u t e  v a l u e s  o f  
t h e  c o o l i n g  r a t e s  r a n g e  f r o m  0 . 4 °  C  t o  5 0 0 °  C  p e r  m i l l i o n  
y e a r s .  T h e  c o o l i n g  r a t e s  a r e  o n l y  v a l i d  f o r  t h e  r e g i o n  i n  
w h i c h  t h e  W i d m a n s t a t t e n  p a t t e r n  f o r m s  - i . e . ,  7 0 0 - 4 5 0 °  C .  
T y p i c a l  e s t i m a t e s  a r e  g i v e n  i n  T a b l e  3 4 .  
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W E I G H T  P E R C E N T  N I C K E l  
F i g u r e  1 8 3 .  I s o t h e r m  s e c t i o n  t h r o u g h  t h e  F e - N i - P  d i a g r a m  a t  
7 5 0 °  C .  ( F r o m  D o a n  &  G o l d s t e i n  1 9 7 0 . )  
T a b l e  3 3 .  E q u i l i b r i u m  P h a s e  D a t a  f o r  t h e  T e r n a r y  F e - N i - P  S y s t e m  
C t  
' Y  
P h  
L i q u i d  
T e m p e r a t u r e ,  O C  W e i g h t %  N i  W e i g h t %  P  W e i g h t %  N i  W e i g h t %  P  
W e i g h t %  N i  W e i g h t %  P  W e i g h t %  N i  
W e i g h t %  P  
1 1 0 0  
6 . 2 5 ± 0 . 2  
2 . 5 ± 0 . 1  7 . 6 ± 0 . 2  
1 . 1 5 ± 0 . 1  9 . 9 ± 0 . 3  1 2 . 8 ± 0 . 5  
( 1 1  0 0 )  
( 4 . 5 )  ( 2 . 0 )  ( 7 .  7 )  
( 1 . 2 5 )  ( 1 0 )  ( 9 )  
1 0 8 0  6 . 6 5 ± 0 . 2  2 . 6 ± 0 . 2  8 . 7 ± 0 . 1 5  
1 . 2 ± 0 . 1  
8 . 4 ± 1 . 8  1 2 . 0 ± 1 . 0  
1 0 7 0  7 . 2 ± 0 . 2  
2 . 5 5 ± 0 . 1  
9 . 1 ± 0 . 1  
1 .  2 ± 0 . 1  1 0 . 7 ± 2 . 0  1 2 . 5 ± 0 . 8  
1 0 6 0  6 . 9 ± 0 . 3  2 . 5 0 ± 0 . 1  8 . 9 ± 0 . 3  
1 . 2 ± 0 .  I  1 1 . 3 ± 1 . 0  
1 3 . 5 ± 0 . 8  
1 0 4 0  7 . 4 ± 0 . 2  2 .  7 ± 0 . 1  9 . 4 ± 0 . 2  1 .  3 ± 0 . 1  1 0 . 7 ± 1 . 0  1 1 . 7 ± 1 . 0  
1 0 2 5  7 . 3 ± 0 . 3  2 . 7 ± 0 . 1  9 . 3 ± 0 . 1  1 . 3 ± 0 . 1  1 1 . 4 ±  1 . 0  1 1 . 5 ±  1 . 0  
1 0 1 0  7 . 8 ± 0 . 1  
2 . 8 ± 0 . 1  
9 . 9 ± 0 . 1  
1 . 3 ± 0 . 1  1 2 . 3 ± 1 . 0  1 1 . 5 ± 1 . 0  
1 0 0 0  7 . 5 ± 0 . 1  2 . 7 ± 0 . 1  9 . 8 ± 0 . 1  1 . 4 ± 0 . 1  8 . 0 ± 0 . 1  
1 6 . 5 ± 0 . 5  
1 1 . 5 ±  1 . 0  
1 2 . 5 ± 1 . 0  
F o u r - p h a s e  r e a c t i o n  p l a n e  
( 9 7 0 )  ( 4 . 5 )  
( 2 . 0 )  ( 9 . 0 )  ( 1 . 2 )  ( 4 . 5 )  ( 1 5 . 5 )  ( 1 2 )  
( 1 0 )  
F o u r - p h a s e  r e a c t i o n  p l a n e  
9 7 5  
6 . 6 ± 0 . 1  
2 . 3 ± 0 . 1  8 . 8 ± 0 . 1  
1 . 1 ± 0 . 0 5  
7 . 0 ± 0 . 1 5  
1 6 . 2 ± 0 . 5  
( 9 5 0 )  ( 4 . 5 )  ( 2 . 0 )  ( 8 . 5 )  ( 1 . 1 )  ( 6 . 0 )  
( 1 5 . 5 )  
9 2 5  
5 . 6 ± 0 . 1  
2 . 0 5 ± 0 . 1  
7 . 7 ± 0 . 1  0 . 9 ± 0 . 0 5  6 . 2 ± 0 . 1 5  
1 6 . 3 ± 0 . 5  
8 7 5  
4 . 3 ± 0 . 1  1 . 7 ± 0 . 1 5  
6 . 7 ± 0 . 2  0 . 7 5 ± 0 . 1  5 . 2 ± 0 . 4  
1 6 . 1 ± 0 . 5  
( 8 7 5 )  ( 4 . 5 )  ( 2 . 0 )  
( 7 . 0 )  ( 0 . 8 )  ( 1 0 . 0 )  ( 1 5 . 5 )  
8 5 0  
4 . 2 ± 0 . 1  1 . 5 5 ± 0 . 0 5  
6 . 5 0 ± 0 . 1  0 . 6 5 ± 0 . 0 3  5 . 2 5 ± 0 . 1  1 6 . 1 ± 0 . 3  
7 5 0  
4 . 2 ± 0 . 2  
1 . 0 3 ± 0 . 0 3  7 . 6 ± 0 . 5  0 . 3 7 ± 0 . 0 2  6 . 2 ± 0 . 2  1 6 . 4 ± 0 . 5  
( 7 5 0 )  ( 4 . 0 )  ( 1 . 3 )  ( 7 . 0 )  
( 0 . 6 5 )  ( 8 . 0 )  
( 1 5 . 5 )  
7 0 0  
4 . 7 ± 0 . 2  0 . 6 5 ± 0 . 1  9 . 5 ± 0 . 5  0 . 2 7 ± 0 . 0 3  8 . 4 ± 0 . 5  
1 5 . 5 ± 0 . 5  
6 5 0  5 . 3 ± 0 . 3  0 . 5 ± 0 . 0 5  1 1 . 0 ± 0 . 5  0 . 1 5 ± 0 . 0 4  1 0 . 5 ± 0 . 5  1 5 . 5 ± 0 . 5  
( 6 5 0 )  ( 3 . 8 )  ( 0 . 6 )  ( 1 4 )  
( 0 . 3 )  ( 1 6 )  
( 1 5 . 5 )  
6 0 0  
5 . 5 ± 0 . 5  0 . 3 2 ± 0 . 0 4  
1 5 ± 2 . 0  0 . 1 2 ± 0 . 0 2  1 5 ± 2 . 5  1 5 . 5 ± 1 . 0  
5 5 0  7 . 4 ± 0 . 4  0 . 2 6 ± 0 . 0 2  
1 9 ± 3 . 0  0 . 0 8 ± 0 . 0 2  
~!9±3 
>  1 3 . 3  
( 5 5 0 )  
( 5 . 5 )  ( 0 . 4 )  ( 2 4 )  
( 0 . 1 )  
( 2 4 )  ( 1 5 . 5 )  
D a t a  i n  p a r e n t h e s i s  f r o m  B u c h w a l d  ( 1 9 6 6 ) ,  t h e  r e m a i n d e r  f r o m  D o a n  &  G o l d s t e i n  ( 1 9 7 0 ) .  
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Figure 188 summarizes the development of the 
Widmanstiittten structure from an initially homogeneous 
high-temperature r-phase with e.g., 10% Ni. The homogene-
ous taenite phase may have been produced by melting and 
solidification, but may as well have been produced by 
sintering and annealing inside the taenite field of the 
equilibrium diagram. Probably both cases occur within the 
field of meteorites. Some group I irons and some anom-
600°C 
Figure 184. Isotherm section through the Fe-Ni-P diagram at 
600° C. (From Doan & Goldstein 1970.) 
Table 34. Estimated Cooling-rates (Goldstein 1969) 
Group 
IIC 
IliA 
IIIB 
IVA 
IVB 
Cooling rate range 
o C per I 06 years 
1 - 3 
65 - 250 
1.5 - 10 
1 - 2 
7-80 
2-20 
Figure l85A. Widmanstiitten structure in a synthetic alloy with 
3% Ni and 0.9% P. Upon cooling from homogenization at 1100° C 
(70 hours), the austenite started decomposition to ferrite lamellae 
(dark) and retained austenite (light) when kept for 71 hours at 
760° C. Etched. Scale bar 30 ll· 
alous irons (e.g., Barranca Blanca) do not ever seem to have 
been melted, while on the other hand, group IIIA-IIIB, e.g., 
Cape York, and group IV A, e.g., Gibeon, almost certainly 
have passed through a completely molten stage. 
In the development of the theory of cooling rates 
various assumptions are made. First, it is assumed that new 
kamacite does not precipitate immediately when the 
Figure 1858. Sketches by Tschermak (1894) of the Widmanstiitten 
structure as it would appear on sections parallel to (1 OO)'Y, (110)'Y 
and (111)'Y of the parent taenite crystal. 
Figure 186. Cape York (Agpalilik) (Copenhagen no. 1967, 410). A 
cube has been accurately cut, so that all faces are parallel to (100) 
of the parent taenite crystal. On all faces the kamacite lamellae run 
in only two directions, as diagonals. A troilite inclusion, elongated 
after [ 1 00] 'Y' is also seen. Length of edge 68 mm; weight 2,418 g. 
The specific gravity, 7.69 glcm 3 , is low as the result of about 7 
volume % troilite inclusions. 
r f r  +  a  b o u n d a r y  i s  c r o s s e d  d u r i n g  c o o l i n g .  T h u s ,  o n  t h e  
o n e  h a n d ,  i t  i s  m a i n t a i n e d  t h a t  t h e  c o o l i n g  r a t e s  a r e  
e x t r e m e l y  l o w ;  t h e r e f o r e ,  o n e  w o u l d  e x p e c t  e q u i l i b r i u m  
c o n d i t i o n s  t o  p r e v a i l  a t  7 0 0 °  C .  O n  t h e  o t h e r  h a n d ,  i t  i s  
a r g u e d  t h a t  t h e  n u c l e a t i o n  p r o c e s s  i s  s o  d i f f i c u l t  t h a t  
s i g n i f i c a n t  u n d e r c o o l i n g  i s  r e q u i r e d .  T h e r e f o r e ,  5 0 ° - 1 0 0 °  C  
u n d e r c o o l i n g  - i . e . ,  a  l a p s e  o f  s e v e r a l  m i l l i o n  y e a r s  - i s  
a s s u m e d  o n  t h e  g r o u n d s  t h a t  t h i s  g i v e s  t h e  b e s t  a g r e e m e n t  
b e t w e e n  c o m p u t e d  a n d  e x p e r i m e n t a l  M - p r o f i l e s .  I f  t h e  
s y s t e m  w a s  a t  c o m p l e t e  u n d i s t u r b e d  i s o l a t i o n  o n e  m i g h t  
p e r h a p s  a c c e p t  a n  a p p r e c i a b l e  u n d e r c o o l i n g .  O n  a  c e l e s t i a l  
b o d y  o f  s o m e  s i z e  i t  a p p e a r s ,  h o w e v e r ,  t h a t  r e l a t i v e  
d i s p l a c e m e n t s  c o u l d  h a v e  o c c u r r e d ,  t h e r e b y  i n t r o d u c i n g  
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M o v e m e n t  o f  t h e  o v e r b u r d e n  c o u l d  h a v e  o c c u r r e d  b o t h  a s  
t h e  r e s u l t  o f  c o l l a p s e  o f  c a v i t i e s  c a u s e d  b y  m e l t i n g  a n d  
s h r i n k a g e ,  a n d  a s  t h e  r e s u l t  o f  s h o c k  e v e n t s  o n  t h e  s u r f a c e .  
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F i g u r e  1 8 8 .  T h e  c o m p u t e d  d e v e l o p m e n t  o f  N i  p r o f i l e s  i n  a  c o o l i n g  
o c t a h e d r i t e .  L e f t  e d g e  o f  f i g u r e  r e p r e s e n t s  m i d p o i n t  o f  a  k a m a c i t e  
l a m e l l a ;  k a m a c i t e  e x p a n d s  a n d  i n c r e a s e s  i n  N i  c o n t e n t  a s  t e m p e r a -
t u r e  f a l l s .  R i g h t  e d g e  o f  f i g u r e  i s  c e n t e r  o f  a  r e s i d u a l  t a e n i t e  a r e a .  
H e r e ,  t h e  N i  c o n t e n t  a l s o  i n c r e a s e s ,  a t  f i r s t  t h r o u g h o u t  t h e  t a e n i t e ,  
l a t e r  a l o n g  e d g e s  o n l y .  F i n a l  r e s u l t  i s  a n  M - s h a p e d  p r o f i l e ,  l i k e  t h o s e  
s h o w n  i n  F i g u r e  1 0 7 .  ( F r o m  W o o d  1 9 6 8 . )  
0  
0  
I  •  
•  I  
S I G N A T U R E  
I  
I I C  •  
l i D  v  
1 1 1 A , 1 1 1 B  
1 1 1 C  o  
m o  
I V A  
I V B  
0 0 0 1  ~-L--~-L--~~--~--L-~--~~---L--~-L--~~--~--L-~--~_.--~~~-L--~~--~~--~--L-~ _ _  L _ _ .  _ _  ~--~~ 
7  8  9  1 0  I I  1 2  1 3  1 4  I S  1 6  17  1 8  1 9  2 0  2 1  2 2  2 3 " 1 .  N i c k e l  
F i g u r e  1 8 9 A .  K a m a c i t e  b a n d w i d t h  v e r s u s  n i c k e l  p e r c e n t a g e  i n  i r o n  m e t e o r i t e s .  E a c h  p o i n t  r e p r e s e n t s  o n e  m e t e o r i t e ,  a n d  t h e  c h e m i c a l  g r o u p  
i s  g i v e n .  A l s o  i n c l u d e d  a r e  d a t a  f r o m  s o m e  a t a x i t e s  ( I V B )  w i t h  n a r r o w  a - s p i n d l e s .  D a t a  h a v e  b e e n  t a k e n  f r o m  t h e  d e s c r i p t i v e  p a r t .  
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Figure 1898. Log-log plot of kamacite bandwidth versus nickel percentage. Within the groups the bandwidths are inversely proportional to 
the nickel percentage . Group IliA and IVA apparently are exceptions. Compare the distinct clustering here with that obtained when using 
Ni-Ga or Ni-Ge plots (Figures 79 and 80) as a classification basis. For up-to-date numbers within each group, please see Table 27. 
There arc other assumptions which perhaps are less 
questionable, e.g., the exact boundaries of the Fe-Ni phase 
diagram, the change of these boundaries with slightly 
elevated pressures and alloying elements the activation 
energies and the extrapolation of diffusion coefficients to 
low temperatures. The superposition of secondary struc-
tures caused by cosmic (or artificial) reheating can also pose 
many problems not usually taken into account. The 
influences of P, Co and C on the diffusion processes are 
difficult to explain quantitatively. Meteorites with less than 
7% Ni cannot be considered in cooling rate calculations 
because taenite and plessite occur in too small amounts or 
not at all. 
Nevertheless, the cooling rates are apparently semi-
quantitatively correct, and the observation of differences of 
cooling rate between different resolved chemical groups is 
certainly valid. In the future, independent lines of evidence 
should be looked for in order to support the cooling rate 
data. 
It has been estimated that the cooling rates of the 
observed sizes would be characteristic of asteroidal-sized 
bodies, 10-800 km in diameter. Wood (1964) estimated 
that a planetary body greater than about 850 krn would 
thus not cool to below 500° C at the center within the age 
of the solar system. Therefore, any proposed parent body 
seems to be restricted to dimensions comparable with 
asteroids (Table 2) rather than the Moon or Earth 
(Table I). This conclusion is supported by the evidence 
against pressures of greater than a few k bars in the parent 
body. The arguments put forward by Uhlig (1954), Urey 
(1956), Ringwood (1960) and Carter & Kennedy (I 964) in 
favor of high hydrostatic pressures (30-50 k bar or higher) 
have all been discredited in a number of papers by Nininger 
(1956), Lipschutz & Anders (1961; 1964), Anders (1964) 
and Brett & Higgins (I 967), to name a few. Even it it is 
difficult to set a precise upper limit for the pressures in the 
primordial bodies, it is now generally agreed that pressures 
above 10 k bar are highly unlikely. 
A Typical Example From Group Ill 
From the solidification ages, page 138, it would seem 
that many iron meteorites went through a liquid state 
about 4.5 X 109 years ago. From the cosmic ray exposure 
ages, it would appear that the solidified and cool bodies 
'  .  
'  
'  
.  '
'  .  
.  '  
.  \ '  '  
I  
• •  
•  
0  •  
•  
•  
.  
•  
•  
, , .  
•  
'  '  '  6  •  
,  I  ' 8  '  \  
\  .  .  .  .  '  
•  
.  '  .  
, · '  .  '  
•  
'  
F i g u r e  l 8 9 C .  C a p e  Y o r k  ( A g p a l i l i k )  ( C o p e n h a g e n  n o .  1 9 6 7 ,  4 1 0 ) .  
A  s l i c e  m e a s u r i n g  1 8  0  x  1 2 5  x  5  e m  h a s  b e e n  p o l i s h e d  o n  o n e  s i d e  
a n d  s l i g h t l y  e t c h e d  i n  o n e  h a l f  o f  t h e  p i c t u r e .  T h e  o r i e n t e d  
t r o i l i t e  i n c l u s i o n s  a r e  o b v i o u s .  A  c o m p a r i s o n  w i t h  F i g u r e  1 5 8 ,  w h i c h  
s h o w s  a  p a r a l l e l  s u r f a c e  5 5  m m  d i s t a n t ,  r e v e a l s  t h a t  n o  i n c l u s i o n s  a r e  
c o m m o n  t o  b o t h  s l i c e s .  O t h e r  s e c t i o n s ,  p e r p e n d i c u l a r  t o  t h o s e  
s h o w n ,  a n d  X - r a y  p h o t o g r a p h s ,  c o r r o b o r a t e  t h e  c o n c l u s i o n  t h a t  t h e  
t r o i l i t e  c r y s t a l s  a r e  s a u s a g e - s h a p e d  w i t h  m a x i m u m  t h i c k n e s s e s  o f  
a b o u t  5  e m .  T h e  r u l e r  m e a s u r e s  1 0 0  e m .  
f r a g m e n t e d  a b o u t  0 . 5  X  1 0
9  
y e a r s  a g o .  T h u s  a  t i m e  i n t e r v a l  
o f  a b o u t  4  X  1 0
9  
w a s  a v a i l a b l e  f o r  t h e  i r o n s  t o  s o l i d i f y  a n d  
c o o l  t o  b e l o w  4 0 0 °  C  w h e n  a l m o s t  a l l  d i f f u s i o n  p r o c e s s e s  i n  
t h e  F e - N i - P  s y s t e m - w i t h  t h e  m i n o r  a d d i t i o n a l  e l e m e n t s  C ,  
S ,  S i ,  C r ,  e t c .  - c e a s e d  t o  b e  o p e r a t i v e .  
L e t  u s  e x a m i n e  t h e  p r i m a r y  s t r u c t u r e  o f  a  t y p i c a l  i r o n  
m e t e o r i t e  o f  g r o u p  I I I A - l l l B ,  w i t h  i n f o r m a t i o n  d e r i v e d  
f r o m  R o w t o n ,  C a p e  Y o r k ,  J u n c a l ,  K o u g a  M o u n t a i n s  a n d  
C h u p a d e r o s .  
I .  T h e s e  i r o n  m e t e o r i t e s  a r e  n e a r e r  i n  c h a r a c t e r  t o  
d i r e c t i o n a l l y  s o l i d i f i e d  s i n g l e  c r y s t a l s  t h a n  t o  o r d i n a r y  
c a s t i n g s .  C a p e  Y o r k ,  e . g . ,  w a s ,  a b o u t  7 0 0 °  C ,  a  s i n g l e  
a u s t e n i t e  c r y s t a l  m o r e  t h a n  2 0 0  e m  i n  d i a m e t e r .  T h e  
p r e s e n c e  o f  l a r g e ,  p a r a l l e l  t r o i l i t e  i n c l u s i o n s ,  c o r r e s p o n d i n g  
t o  a  b u l k  S - c o n t e n t  o f  1 . 3 % ,  i n d i c a t e s  t h a t  t h e  m a s s  
s o l i d i f i e d  s l o w l y  i n  o n e  d i r e c t i o n .  M o r e o v e r ,  t h e  t r o i l i t e  
p o c k e t s  a r e  a l l  p a r a l l e l  t o  [  1  O O J . y ,  a  k n o w n  g r o w t h  
d i r e c t i o n  o f  a u s t e n i t e .  W h i l e  t h e  m e t a l l i c  s o l i d i f i c a t i o n  
f r o n t  a d v a n c e d ,  t h e  s u l f i d e s  w e r e  t r a p p e d  i n  e l o n g a t e d  
i n t e r s t i c e s  i n  t h e  m e t a l .  M a n y  c h r o m i t e  a n d  p h o s p h a t e  
P r i m a r y  S t r u c t u r e s  o f  I r o n  M e t e o r i t e s  1 2 1  
c r y s t a l s  w e r e  w a s h e d  o u t  o f  t h e  o r i g i n a l  h e t e r o g e n e o u s  
m a t e r i a l  a n d  a r e  n o w  t o  b e  f o u n d  e n c l o s e d  i n  t h e  l a r g e  
t r o i l i t e  n o d u l e s .  W h e t h e r  a  m a j o r  p o r t i o n  o f  t h e s e  o x y g e n -
c o n t a i n i n g  m i n e r a l s  w a s  f o r m e d  a t  t h e  t i m e  o f  m e l t i n g ,  t h u s  
c a p t u r i n g  t h e  o x y g e n  f r o m  t h e  m e t a l  - o r  w h e t h e r  t h e y  
w e r e  j u s t  m e c h a n i c a l l y  r e m o v e d  f r o m  t h e  m e t a l  a t  t h i s  t i m e  
- i s  n o t  c l e a r  y e t .  
T h e  t r a p p e d  m i n e r a l s  a r e  u s u a l l y  c o n c e n t r a t e d  a t  o n e  
a n d  t h e  s a m e  e n d  o f  t h e  t r o i l i t e ,  s u g g e s t i n g  t h e  p r e s e n c e  o f  
a n  a c t i v e  g r a v i t y  f i e l d  d u r i n g  s o l i d i f i c a t i o n  o r  a t  l e a s t  
s u p p o r t i n g  t h e  o t h e r  e v i d e n c e  f o r  a  l a r g e  s c a l e  d i r e c t i o n a l  
s o l i d i f i c a t i o n .  I t  i s  p o s s i b l e  t h a t  o n l y  a  m i n o r  p o r t i o n  o f  t h e  
e n t i r e  p r i m o r d i a l  m a t e r i a l  w a s  h e a t e d  a b o v e  1 5 0 0 °  C  a n d  
m e l t e d  a t  a n y  o n e  t i m e .  T h e  p r o c e s s  m a y  p e r h a p s  h a v e  b e e n  
c o m p a r a b l e  t o  z o n e  m e l t i n g ,  a  p o s s i b i l i t y  w h i c h  h a s  b e e n  
e x a m i n e d  b y  F r i c k e r  e t  a l .  ( 1 9 7 0 )  .  
I I .  U p o n  c o o l i n g  f r o m  a b o u t  1 4 0 0 °  C  t h e  m a t e r i a l  
b e c a m e  t h o r o u g h l y  h o m o g e n i z e d  w i t h  r e s p e c t  t o  F e ,  N i ,  
C o ,  C ,  P ,  e t c .  T h e  t a e n i t e  s l o w l y  b e c a m e  s u p e r s a t u r a t e d  
w i t h  r e s p e c t  t o  c h r o m i u m  t h a t  p r e c i p i t a t e d  a s  c h r o m i t e  
l a m e l l a e  p a r a l l e l  t o  1 0 0  h .  A n y  s u l f u r  i n  s o l i d  s o l u t i o n  
a l s o  p r e c i p i t a t e d ,  e i t h e r  a s  m i n u t e  a n g u l a r  t r o i l i t e  p a r t i c l e s  
o r  a s  s h a p e l e s s  t r o i l i t e  s h e e t s  n u c l e a t e d  b y  t h e  c h r o m i t e -
t a e n i t e  i n t e r f a c e s .  
I I I .  I n  t h e  r a n g e  o f  9 0 0 ° - 7 0 0 °  C  a  m a j o r  p a r t  o f  t h e  
p h o s p h o r u s ,  p r e v i o u s l y  i n  s o l i d  s o l u t i o n  i n  t h e  t a e n i t e ,  
p r e c i p i t a t e d  a s  s c h r e i b e r s i t e .  F a v o r a b l e  n u c l e a t i o n  s i t e s  
w e r e  ( i )  o r i g i n a l  t a e n i t e  g r a i n  b o u n d a r i e s  a n d  t h e  i n c o h e r e n t  
p a r t s  o f  t h e  t w i n  b o u n d a r i e s ,  a n d  ( i i )  i n c l u s i o n s  s u c h  a s  
t r o i l i t e ,  c h r o m i t e ,  p h o s p h a t e s  a n d  - i n  g r o u p  I I I  o n l y  r a r e l y  
- s i l i c a t e s .  N e v e r t h e l e s s ,  h o m o g e n e o u s  n u c l e a t i o n  ( i i i )  m a y  
a l s o  h a v e  o c c u r r e d  b u t  p e r h a p s  o n l y  a s  a n  e x c e p t i o n  t o  t h e  
r u l e .  
A l t h o u g h  t h e o r e t i c a l l y  w e l l  f o u n d e d ,  c a s e  ( i )  i s  m a i n l y  
s p e c u l a t i o n .  M o s t  i r o n  m e t e o r i t e s  o f  g r o u p  I I I A - B  a r e  
c o m p o s e d  o f  h u g e  p a r e n t  a u s t e n i t e  c r y s t a l s  i n  w h i c h  g r a i n  
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F i g u r e  1 9 0 .  M o n a h a n s  ( C o p e n h a g e n  1 9 6 6 ,  1 4 1 ) .  A  t h i n  s t r a i g h t  
c h r o m i t e  l a m e l l a  h a s  s e r v e d  a s  a  s u b s t r a t e  f o r  t w o  t r o i l i t e  b l e b s  
( g r a y ) .  U p o n  f u r t h e r  c o o l i n g ,  k a m a c i t e  n u c l e a t e d  h e r e  a n d  f o r m e d  a  
s w a t h i n g  r i m .  S o m e  W i d m a n s t a t t e n  g r o w t h  o f  t h e  f e r r i t e  w a s  
a p p a r e n t l y  r a p i d l y  s t o p p e d .  E t c h e d .  S c a l e  b a r  2 0 0  J J . .  
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and twin boundaries only rarely are revealed by cutting. 
One good exception is Savannah, page 1088. Outside group 
III, Santa Rosa, page 1075, and Toluca, page 1209, may be 
cited. Case (ii), however, is very commonly observed. The 
large troilite inclusions nucleated copious schreibersite rims 
that grew to thicknesses of 0.1-1.5 mm, the final thickness 
reflecting the bulk phosphorus content of the meteorite. 
Also , the small troilite, chromite and phosphate crystals 
became enveloped by schreibersite - often to such an 
extent that the original nuclei became entirely swamped. 
(iii) Some schreibersite precipitated in the taenite grain 
interiors as Brezina lamellae oriented parallel to {110}r· In 
very many cases it appears that the nucleation was not truly 
homogeneous but was aided by minute troilite, chromite 
and phosphate particles. 
IV. Swathing kamacite started to form around many 
heterogeneous nuclei, when - depending on nickel content 
- the cooling parent body finally moved into the two-phase 
a+ r region of the equilibrium diagram. Or, with more 
phosphorus, it moved into the three-phase (a+ r + phos-
phide) region. The swathing kamacite grew to 0.5-2 mm 
widths around troilite, chromite and schreibersite. It also 
precipitated along primary taenite grain boundaries. The 
swathing kamacite is often composed of several kamacite 
grains, each developed from a different nucleus. Its forma-
tion may have been aided by Ni and P depletion around the 
primary schreibersite crystals, but this depletion was not 
necessary since swathing kamacite also formed around 
troilite, chromite and - in pallasites, etc. - around silicates. 
V. With the important solid-state reactions, that took 
place between about 725° C and 500° C, the meteorite 
finally acquired its characteristic macro- and micro' 
structure. 
a. The swathing kamacite of IV had grown appre-
ciably, when - upon further cooling for 50° C or 100° C -
the Widmanstiitten structure started to appear. Depending 
on the actual nickel and phosphorus content it nucleated at 
Figure 191. Chupaderos (the Cuernavaca sample in Chicago 
no. 1 025). Brezina lamellae of schreibersite. Rough grinding and 
polishing has caused them to stand in low relief. Note the 
well-preserved fusion crust and a hole left by troilite which ablated. 
Deep-etched. Scale bar 20 mm. 
about 725° C to 700° C. It evidently nucleated homogene-
ously in the grain interiors, simultaneously in many places. 
As the oriented kama cite lamellae grew, the nickel surplus 
was pushed into the residual taenite which also accom-
modated a major part of any carbon in solid solution. The 
Widmanstiitten pattern was probably fully developed at 
around 450° C after which no further bulk diffusion could 
occur. Simultaneously with its formation, phosphorus -
previously in solid solution - precipitated along the a -a 
and a - r interfaces as irregular schreibersite particles and, 
in the kamacite lamellae , as prismatic rhabdites. In general, 
the smaller particles were precipitated at lower tempera-
tures and became richer in nickel, in accordance with the 
experimentally determined Fe-Ni-P diagram. Imperfect reg-
ulation of the nickel content of the primary schreibersite 
bodies towards higher nickel content also occurred. 
Figure 192. Wiley (Tempe no. 380.1x). Nucleation problems play a 
major role within meteoritic transformation processes, but . this is 
usually overlooked. The sequence of precipitation here was: 
phosphate (black) , troilite (dark gray), schreibersite (gray) and 
kamacite (white). Each phase nucleated the following. Etched. Scale 
bar 50 J.L. 
Figure 193. Cape York (Agpalilik) (Copenhagen no. 1967, 410). 
Etched portion of Figure 189, turned 90°. The Widmanstiitten 
structure is well developed, and since the slice is parallel to (100)-y 
only two diagonal kamacite directions are seen. Troilite appears 
black. Scale bar 40 mm. 
F i g u r e  1 9 4 .  P r o v i d e n c e  ( U . S . N . M .  n o .  1 3 4 0 ) .  S u b b o u n d a r i e s  o c c u r  
i n  t h e  k a m a c i t e  o f  a l l  i r o n  m e t e o r i t e s .  I n  t h i s  p a r t i c u l a r  o n e  t h e  
a r r a y  i s  c o n f u s i n g  a n d  e x t r a o r d i n a r y .  S c h r e i b e r s i t e  ( S ) ,  r h a b d i t e  ( R )  
a n d  a  p l e s s i t e  f i e l d  t o  t h e  l e f t .  E t c h e d .  S c a l e  b a r  2 0 0  ! J . .  
F i g u r e  1 9 5 .  C a p e  Y o r k  ( A g p a l i l i k )  ( C o p e n h a g e n  n o .  1 9 6 7 ,  4 1 0 ) .  
N e t  p l e s s i t e  w i t h  c o r n e r s  o f  b l a c k  t a e n i t e .  I n  t h e  a d j a c e n t  k a m a c i t e ,  
s l i p p l a n e s  a r e  d e c o r a t e d  w i t h  m i n u t e  p a r t i c l e s ,  p o s s i b l y  p h o s p h i d e s ,  
a n d  a p p e a r  d a r k .  E t c h e d .  S c a l e  b a r  3 0 0  ! J . .  
F i g u r e  1 9 6 .  K o u g a  M o u n t a i n s  ( B r i t .  M u s .  1 9 1 6 ,  6 0 ) .  H i g h  m a g n i f i -
c a t i o n  o f  a n  a r e a  w i t h  d e c o r a t e d  s l i p l i n e s ,  l i k e  t h a t  i n  F i g u r e  1 9 5 .  
T h e  p r e c i p i t a t e s  a r e  s u b m i c r o s c o p i c ;  i . e . ,  l e s s  t h a n  0 . 3  ! l i n  d i a m e t e r .  
E t c h e d .  S c a l e  b a r  2 0  ! J . .  
P r i m a r y  S t r u c t u r e s  o f  I r o n  M e t e o r i t e s  1 2 3  
F i g u r e  1 9 7 .  C a n y o n  D i a b l o  ( U . S . N . M .  n o .  1 7 0 5 ,  t h e  R i f l e  s a m p l e ) .  
F u l l  s l i c e  s h o w i n g  g r a p h i t e  a n d  g r a p h i t e - t r o i l i t e  n o d u l e s .  R i m s  o f  
s c h r e i b e r s i t e  a n d  c o h e n i t e  h a v e  p r e c i p i t a t e d  u p o n  t h e m .  T h e  
n u m e r o u s  s k e l e t o n  c r y s t a l s  o f  s c h r e i b e r s i t e  a r e  e n v e l o p e d  i n  
c o h e n i t e  r i m s .  C o m p a r e  F i g u r e  1 9 8 .  E t c h e d .  S c a l e  b a r  3 0  m m ,  S . I .  
n e g .  4 4 2 2 0 .  
b .  I n  o c t a h e d r i t e s  w i t h  l e s s  t h a n  a b o u t  7 . 5 %  N i ,  s o m e  
g r a i n  b o u n d a r y  a d j u s t m e n t  t o o k  p l a c e ,  i . e . ,  f a v o r a b l y  
o r i e n t e d  k a m a c i t e  g r a i n s  a d v a n c e d  a t  t h e  e x p e n s e  o f  
a d j a c e n t  l e s s  f a v o r a b l y  o r i e n t e d  g r a i n s .  S w a t h i n g  k a m a c i t e  
r i m s  g r e w  i n t o  a d j a c e n t  k a m a c i t e  l a m e l l a e ,  k a m a c i t e  l a m e l -
l a e  g r e w  i n t o  t h e  k a m a c i t e  o f  p l e s s i t i c  r e g i o n s ,  e t c .  S i n c e  
t h e  t a e n i t e  s i m u l t a n e o u s l y  b e c a m e  a l m o s t  r e s o r b e d  a n d  
s e c o n d a r y  s h o c k  a n d  a n n e a l i n g  e v e n t s  o f t e n  p r o d u c e d  
m a t t e  k a m a c i t e ,  t h e  c h a r a c t e r i s t i c  b u l k  W i d m a n s t i i t t e n  
s t r u c t u r e  w i t h  s t r a i g h t  l i n e s  a n d  o r i e n t e d  s h e e n  h a s  s o m e -
t i m e s  b e c o m e  s e v e r e l y  m o d i f i e d ;  s e e ,  e . g . ,  D a v i s  M o u n t a i n s ,  
C h i l k o o t ,  C a m p o  d e l  C i e l o  ( g r o u p  I ) ,  B i s c h t i i b e  ( g r o u p  I )  
a n d  C l a r k  C o u n t y  ( a n o m a l o u s ) .  
c .  T r o i l i t e  w i t h  c h r o m i u m  i n  s o l i d  s o l u t i o n  p r e c t p t -
t a t e d  d a u b r e e l i t e .  T h e  d a u b r e e l i t e  l a m e l l a e  e x s o l v e d  p a r a l l e l  
t o  t h e  ( 0 0 0  1 )  p l a n e s  o f  t h e  h e x a g o n a l  t r o i l i t e .  I t  a p p e a r s  
t h a t  t h e  f i n e s t  e x s o l u t i o n  l a m e l l a e  f o r m e d  a t  l o w  t e m p e r a -
t u r e  w i t h i n  s m a l l ,  c h r o m i u m - r i c h  s u l f i d e  p a r t i c l e s .  
d .  C a r l s b e r g i t e  p a r t i c l e s  - i . e . ,  c h r o m i u m  n i t r i d e s  
p r e c i p i t a t e d  i n  t h e  k a m a c i t e  l a m e l l a e  a n d  a l o n g  a  - r  a n d  
o t h e r  h e t e r o g e n e o u s  i n t e r f a c e s .  T h e y  w e r e  c o g e n e t i c  w i t h  
o r  s l i g h t l y  e a r l i e r  t h a n  t h e  r h a b d i t e s ,  w h i c h  o f t e n  e n v e l o p  
t h e m .  
V I .  V e r y  m i n o r  c h a n g e s  o c c u r r e d  i n  t h e  m i c r o s t r u c -
t u r e  b e l o w  a b o u t  5 0 0 °  C .  T h e  k a m a c i t e  b e c a m e  v e i n e d ;  i . e . ,  
w a s  s u b d i v i d e d  i n t o  n u m e r o u s  s u b g r a i n s  w h i c h  a r e  s l i g h t l y  
t i l t e d  w i t h  r e s p e c t  t o  e a c h  o t h e r .  T h e  s h i f t  o f  o r i e n t a t i o n  
a c r o s s  a  s u b  b o u n d a r y  i s  u s u a l l y  l e s s  t h a n  1  o ,  a s  m a y  -
a m o n g  o t h e r  t h i n g s  - b e  s e e n  b y  t h e  v e r y  s l i g h t  s h i f t  i n  t h e  
d i r e c t i o n  o f  t h e  s u b s e q u e n t l y  i n t r o d u c e d  N e u m a n n  b a n d s .  
S u b b o u n d a r i e s  a r i s e  t h r o u g h  t h e  r u n n i n g  t o g e t h e r  o f  
d i s l o c a t i o n s  a n d  w e r e  p r o b a b l y  c a u s e d  b y  r e l a t i v e l y  m i l d  
c o n d i t i o n s  o f  h o t - w o r k i n g .  T h e  s u b b o u n d a r i e s  a r e  p r e s e n t  
i n  v i r t u a l l y  a l l  i r o n  m e t e o r i t e s ,  i r r e s p e c t i v e  o f  c h e m i c a l  
g r o u p .  M i n u t e  p h o s p h i d e ,  a n d  s o m e t i m e s  c a r b i d e  a n d  
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nitride, particles ( ~ 1 J.l) have usually precipitated upon the 
dislocations of the sub boundaries . 
The taenite rims with 3040% Ni in solid solution had 
now also started to decompose to stained (or cloudy) 
taenite ; i.e ., submicroscopic duplex a+ 'Y mixtures. Carbon 
probably migrated somewhat ; it appears that taenite within 
the same polished section may contain rather different 
carbon concentrations. 
One of the last reactions to occur was the decomposi-
tion of part of the retained taenite to a 2 , or directly or 
indirectly, to a+ 'Y. Mas sal ski et al. ( 1966) have treated this 
aspect thoroughly. The problem is extremely involved, and 
it may be that much of the taenite remained as undecom-
posed, metastable austenite until very late when shock 
pressures associated with the breakup of the parent body 
altered it. 
The transformation of retained taenite to a 2 was 
associated with a small volume increase. Thereby plastic 
deformations were induced into the adjacent kamacite to a 
distance of 0.1-0.5 mm from the transformed region. As the 
system further cooled the sliplines in the kamacite were 
partially preserved by precipitation of fine particles(< 1 J.l) 
of phosphide or austenite; see, e.g., Thule. 
The solid state transformations in troilite at low 
temperatures and the exsolution of daubreelite lamellae 
from troilite possibly caused additional deformation of the 
adjacent kamacite . As above, fine particles might later 
precipitate in the strained ferrite phase. 
Modifications Caused by Other Compositions 
Although developed above for group lliA-IIIB meteor-
ites, stages I-VI may be discerned in most iron meteorites. 
In group I, which is anomalously rich in carbon and 
silicates, the first stage (completely molten metal) is not 
well developed, and is perhaps absent. However, the sulfides 
have been melted and a significant part of the carbon has 
accumulated here as graphite. A part of the carbon 
remained in solid solution in the taenite until, during stage 
Ili-IV, it precipitated as cliftonitic graphite. During stage 
IV-Y carbon precipitated as cohenite which formed massive 
rims, nucleated by schreibersite, or formed elongated, 
branched millimeter-sized cohenite crystals in the a-lamel-
lae. Finally, a small portion precipitated during stage VI as 
haxonite, mainly within pearlitic and spheroidized plessite. 
In group II , the hexahedrites, stage Va is not well 
developed. Either it was already entirely wiped out when, 
at about 600° C, the nickel-poor material (< 5.8% Ni) 
passed into homogeneous a-phase, or the Widmanstiitten 
structure was never present. Certain observations indicate 
;.., J :' ;.. 
,, ~ - ' 
'-1 ,_, 
_..,.. ..... 
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Figure 198. Detail of Figure 197, turned through 90° . Troilite T, 
graphite G, schreibersite S, and cohenite C in a coarse octahedrite of 
group I. Etched. Scale bar 10 mm. S.I. neg. 44220-C. 
Figure 199. Santa Luzia (U.S.N.M. no. 1219). A coarsest octahe-
drite of group JIB. Swathing kamacite grew around four large 
troilite-schreibersite inclusions before the remaining taenite trans-
formed to a Widmanstatten pattern. Etched . Scale bar 30 mm. S.l. 
neg. 32948. 
that the hexahedrites may have formed from high tempera-
ture a+ 'Y mixtures by (massive) growth of kamacite from 
early, homogeneous or heterogeneous nuclei. In meteorites 
with slightly higher average nickel contents, e.g., group liB 
with about 6% Ni, it appears that both transformation 
mechanisms were active. In for example Sikhote-Aiin, Santa 
Luzia , Tombigbee and New Baltimore a nucleated and grew 
around primary schreibersite and troilite bodies, and , in 
competition, homogeneous Widmanstiitten transformation 
occurred a few centimeters away with the result that the 
structure is now a mixture of hexahedrite and coarsely 
crystalline octahedrite structures. 
